replication and modification, overcoming logistical challenges that would make comparable studies impossible in macrobiological systems. One such principle could be the nature of community cohesion resulting from co-evolution. And, secondly, there is evidence for large biotic interchanges having occurred in geological time, very much involving macro-biological taxa. Such large-scale community-coalescence events, including both marine and terrestrial biota interchanges, have occurred about a dozen times during the last 25 million years [10] . In that sense, microbial studies could be helpful for understanding the rules governing such large-scale interchanges of other biotic groups: those in the past, as well as any occurring in the future.
Insects, the most specious and diverse group of animals on our planet [1] , have benefitted greatly from the acquisition of mutualistic bacterial partners. Many of these symbiotic associations are obligatory for host survival, because the bacterial partner provides vital nutrients, such as essential amino acids, that are lacking in the insect's natural diet [2] . Others are facultative in nature, providing benefits such as the ability to resist environmental stresses [3] , avoid predation [4] , or detoxify environmental poisons [5] .
When bacteria undertake long-term associations with insect hosts, they evolve in a degenerative fashion towards a minimal gene inventory that facilitates only those metabolic functions that are beneficial in the confines of the symbiotic lifestyle [6] . In many cases, this makes it possible to accurately infer the functions of the bacterial partner based solely on inspection of its gene inventory. However, it also limits experimental validation of symbiont functions, because the bacteria cannot be cultured outside of their host and the insects often cannot be raised without their precious bacterial associates.
In a recent paper in the Proceedings of the National Academy of Sciences [7] , Anbutsu and colleagues performed an elegant and comprehensive series of experiments to elucidate the function of the g-proteobacterial symbiont Nardonella, which has resided in members of the weevil superfamily Curculionoidea for more than 100 million years [8] . They first obtained complete genome sequences from the larval bacteriabearing organs (bacteriomes) of four weevil species and showed that they were all of conspicuously small size (only 200-230 kbp), indicating that they had undergone substantial genome degeneration and functional specialization as a consequence of the long-term association with their weevil hosts. In addition, in all four weevil species, the symbiont protein-coding gene inventories were found to lack the means to synthesize all amino acids except for tyrosine, a semi-essential amino acid that can only be synthesized from the essential amino acid phenylalanine if insufficient quantities are available in the diet [9] . Notably, tyrosine is required for insects to sclerotize their cuticle [10] , yielding a tough exoskeleton that is so characteristic of a wide range of weevils.
After showing that tyrosine was synthesized in substantial quantities in an in vitro culture containing bacteriomes from weevil larvae, the researchers tested the effect of eliminating Nardonella by raising weevil larvae at an elevated temperature. The resulting larval bacteriomes, lacking Nardonella, produced no tyrosine in the assay but also failed to develop into adults, suggesting that they are obligately dependent upon the synthesis of this amino acid by Nardonella. To overcome this roadblock and further investigate the phenotypic consequences of Nardonella deprivation, the team adopted a clever strategy of raising weevils on an artificial diet with a concentration of antibiotic that substantially reduces the numbers of Nardonella in the larval stage of development without abolishing adult survival. Strikingly, adults arising from the antibiotic-treated larvae were found to have deformed wing cases that were significantly thinner than those of their untreated counterparts and lacked their characteristic black pigmentation. This phenotypic change was subsequently found to be correlated with reduced levels of tyrosine in the mature larvae, along with reduced levels of 3,4-dihydroxyphenylalanine (DOPA) in the resulting pupae, consistent with the notion that cuticular pigmentation and hardening in weevils is dependent upon the hydroxylation of tyrosine to DOPA, which is subsequently processed by several enzymatic steps to yield quinones that are used to crosslink cuticle proteins [11] .
While tyrosine provisioning clearly underpins the symbiosis between Nardonella and weevils, it is interesting to note that the final step in tyrosine biosynthesis, catalyzed by a transamination reaction, is encoded by genes maintained exclusively in the weevil genome. Anbutsu and colleagues then showed that two insect genes, encoding glutamate oxaloacetate transaminases (designated GOT1A and GOT2A), have high levels of transcription in the Nardonella-containing bacteriomes and that the silencing of these genes, mediated by an RNA interference strategy, results in a significant reduction in tyrosine levels in the bacteriome, as determined by the in vitro assay. Conspicuously, the majority of weevils that were subject to RNA interference targeting both GOT1A and GOT2A died in the pupal stage and the few adults that emerged had severe cuticular defects. However, suppression of GOT2A alone facilitated a higher level of survival (similar to the application of the sub-lethal concentration of antibiotic), yielding adult insects with the characteristic pigmentation and wing case defects that had previously been observed to result from Nardonella deprivation.
The integration of host and symbiont metabolic pathways is a common occurrence in symbiotic interactions [12] . Indeed, as Anbutsu and colleagues point out, symbionts often lack the capability to perform transcriptional or translational regulation of their metabolic pathways due to the (often wholesale) loss of genes encoding proteins with regulatory functions. Of course, it makes sense for the weevil to obtain control over the production of a critical metabolite such as tyrosine to ensure that its availability is coordinated with specific developmental requirements (sclerotization), which the symbiont has no capability to sense. In theory, control could be achieved by having the host replace any one of the bacterial enzymatic steps involved in the biosynthetic process. However, the obvious dilemma is that the host does not (natively) possess the capability to catalyze these reactions, hence the requirement for symbiosis. Thus, metabolic integration must be driven, at least in part, by the ability of the host to either obtain one of the biosynthetic genes from the symbiont (or another bacterium) via lateral gene transfer [13] or co-opt an existing host enzyme to perform the necessary enzymatic function. In the case of the Nardonellaweevil symbiosis, the host has clearly co-opted the cytoplasmic and mitochondrial forms of glutamate oxaloacetate transaminases (GOT1 and GOT2, respectively), which are known to have primary functions in the TCA and urea cycle in eukaryotes [14] .
Taken together, the work performed by Anbutsu and colleagues provides compelling evidence that Nardonella serves its weevil host as a highly efficient and specialized factory for the production of tyrosine. As the most species-rich group of insects, weevils have colonized an extraordinary variety of niches, no doubt in part due to their tyrosinereinforced cuticular armor, which increases their mechanical strength and resistance to injury, attack, predation and desiccation. It might seem surprising then that some weevils have abandoned Nardonella in favor of acquiring novel g-proteobacterial symbionts [8, 15] . However, in another elegant study that was published in Current Biology [16] , it was shown that one of these 'replacement' symbionts also provides its grain weevil host with tyrosine (and phenylalanine), which similarly enhances cuticle formation in the adult form. But why replace a long-established, streamlined and integrated tyrosine producer with a novel symbiont that lacks the appropriate metabolic specializations and harbors an abundance of genetic baggage? One explanation is that the process of genome degeneration gradually reduces symbiont fitness until a 'tipping point' is reached whereupon it becomes adaptive to replace the degenerate symbiont with a free-living bacterium that has not (yet) been subjected to mutational meltdown. However, while this notion seems appealing on the basis that symbiont genomes readily appear to be going to hell in a handbasket, it belies the existence and stability of many longstanding and highly degenerate symbiotic associates, including the highly fragmented Hodgkinia lineages in cicadas [17] , and our own mitochondria.
An alternative explanation is that symbiont replacements simply provide novel functionality that is adaptive in the context of host lifestyle shifts (e.g. dietary or environmental change). After all, the process of genome degeneration certainly imposes irrevocable constraints upon the metabolic capabilities of the symbiont. In the case of the grain weevil symbiosis a substantial body of evidence indicates that the newer bacterial symbiont does indeed provide a number of beneficial metabolites in addition to tyrosine [18] , favoring the latter explanation. No doubt, in the near future, additional comparative analyses will provide insight into the broader significance of this important and relatively common transition in symbiotic life.
Efficient targeting of newly synthesized membrane proteins from the endoplasmic reticulum to the inner nuclear membrane depends on nucleotide hydrolysis. A new study shows that this dependence reflects critical actions of the atlastin family of GTPases in maintaining the morphology of the endoplasmic reticulum network.
Eukaryotic cells use membrane-delimited organelles to dynamically segregate distinct cellular functions. These organelles differ in terms of their constituent proteins, lipids, shape, interactions, and dynamics. They also have different mechanisms for distributing proteins and other molecules to specific domains within the organelle.
